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Abstract 
Although reverse osmosis produces high quality reusable water from wastewater the rejected 
concentrate (ROC) poses potentially serious health hazards to non-target species. This is 
especially the case when it is disposed into aquatic environments due to the presence of high 
concentrations of dissolved natural organics, micro-organic pollutants (MOPs) and other 
pollutants. In batch and column studies we found that granular activated carbon (GAC) was 
very effective in simultaneously removing dissolved organic carbon (DOC) and 18 MOPs 
from ROC. The amounts of all DOC fractions adsorbed (0.01-3 mg/g) were much higher than 




DOC fractions than MOPs. However, the partition coefficient which is a measure of the 
adsorbability was higher for most of the MOPs (0.21-21.6 L/g) than for the DOC fractions 
(0.01-0.45 L/g). The amount of DOC fraction adsorbed was in the order: humics > low 
molecular weights > building blocks > biopolymers (following mostly their concentrations in 
ROC). The partition coefficient was in the order: low molecular weights > humics > building 
blocks > biopolymers. The MOPs were classified into four groups based on their 
hydrophobicity (log Kow) and charge. The four positively charged MOPs with high 
hydrophobicity had the highest amounts adsorbed and partition coefficient, with 95-100% 
removal in the GAC column. The MOPs that are negatively charged, regardless of their 
hydrophobicity, had the lowest amounts adsorbed and partition coefficient with 73-94% 
removal. 
 
Keywords: adsorption, dissolved organic matter fractions, hydrophobicity, partition 
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Highlights 
 Simultaneous removal of DOC and micro-organic pollutants (MOPs) from ROC. 
 Granular activated carbon (GAC) effectively removes DOC and MOPs from ROC. 
 DOC fractions’ adsorption on GAC was related to their concentrations in ROC. 
 Amounts of MOPs’ adsorption were lower than DOC but adsorbabilities much higher. 









Global water shortages as a result of widely reported droughts, demands from the world’s 
increasing population and more industrial activity have led to a greater focus on water reuse 
and recycling. Water recycling by reclaiming wastewater is an attractive option for 
alleviating this water shortage problem. Reverse osmosis is a widespread and successful 
process that produces high quality recycled water that can be used as potable and non-potable 
water. However, a major problem with this process is the generation of reverse osmosis 
concentrate (ROC) which commonly contains high concentrations of pollutants originally 
present in the feed wastewater. These pollutants can be nearly 4 times more concentrated in 
ROC than in wastewater, making it a serious threat to the environment if it is discharged to 
lands or water bodies without any prior purification process (Jamil et al. 2018). Therefore, 
proper treatment techniques need to be applied to ROC before it is disposed to land or water. 
 Of the various pollutants in ROC, natural organic matter (NOM) and micro-organic 
pollutants (MOP) such as pharmaceutical and personnel care products, endocrine disruptors, 
pesticides and industrial by-products are common pollutants in ROC produced from 
wastewater treatment (Nam et al. 2014; Nguyen et al. 2013; Shanmuganathan et al. 2017). 
NOM at high concentrations in water acts as a substrate for micro-organisms and during its 
decomposing process use up dissolved oxygen resulting in severe consequences for the 
aquatic biota. The organics present in ROC mostly resist further biodegradation because they 
originated from the secondary effluent that has been subjected to extensive secondary 
treatment. Consequently, they persist in the environment for a long time. Many MOPs have 
been reported to be toxic to freshwater invertebrates (such as daphniids), fish, mussels, and 
human embryonic cells at trace concentrations (Pal et al. 2010). Fick et al. (2010) reported 




concentration in exposed fish to a level equal to the human therapeutic plasma concentration. 
Many of these concentrations are in the nanogram to microgram per litre range (ng/L – µg/L). 
Several methods have been used to remove organics from ROC, for example 
coagulation-flocculation, ozonation, Fenton process, photocatalysis and photo-oxidation, 
electro-chemical oxidation and adsorption. Of these, the adsorption process is deemed to be 
the most attractive method due to its simplicity, cost-effectiveness, efficiency at low 
concentration, and minimal waste production.  Granular activated carbon (GAC) is a widely 
used and versatile adsorbent in water reclamation plants because it can remove many 
contaminants such as turbidity, nutrients, heavy metals and organics. As such it has routinely 
been used as a tertiary treatment process in the water industry (Nguyen et al. 2013). Many 
studies have found that GAC is an efficient adsorbent for the removal of NOM (Cheng et al. 
2005; Nguyen et al. 2013; Shanmuganathan et al. 2015; Sounthararajah et al. 2016) and MOP 
(de Ridder et al. 2009; Jamil et al. 2016; Shanmuganathan et al. 2017; Snyder et al. 2007; 
Yang et al. 2011,). The high effectiveness of this adsorbent is due to: firstly, its hydrophobic 
nature; secondly, having organic functional groups to facilitate adsorption of organic 
constituents; and thirdly, its high surface area and porosity (Eeshwarasinghe et al. 2018). The 
adsorption of NOM and MOP has been shown to mainly depend on the hydrophobicity of 
these compounds, for instance log Kow (log (n-octanol/water partition coefficient)) for MOP 
(Eeshwarasinghe et al. 2018; Nam et al. 2014; Snyder et al. 2007; Wang and Wang 2016). 
Other properties such as charge, hydrogen bonding, π-bonding and molecular size have also 
been used to explain the adsorption behaviour of organics (Cheng et al. 2005; 
Eeshwarasinghe et al. 2018; Velten et al. 2011). 
NOM is composed of several heterogeneous hydrophobic and hydrophilic compounds 
with widely different molecular sizes.  Therefore, it has different abilities to adsorb onto 




limited information is available on the relative effectiveness of removing these compounds 
(Velten et al. 2011). Most studies on the removal of NOM by GAC considered the composite 
NOM and not its individual components (Nguyen et al. 2013; Shanmuganathan et al. 2015; 
2017; Sounthararajah et al. 2016,). Also, previous studies have investigated the removal of 
MOP or NOM separately but not many from ROC containing both of these pollutants 
together, especially the removal of the different constituents of NOM in column-mode 
experiments. Column-mode experiments are dynamic and more relevant to practical water 
reclamation plants than the commonly used static batch-mode experiments. 
The objectives of this study were to compare: 1. the removal efficiencies of total DOC 
and total MOP in ROC by GAC in a batch equilibrium adsorption experiment, 2. the removal 
behaviour of individual components of DOC in ROC such as biopolymers, humic substances, 
building blocks and low molecular weight organics by adsorption onto GAC in a column 
experiment, and 3. the removal behaviour of each of the 18 MOPs in ROC by adsorption onto 
GAC in a column experiment.  
 
2. Materials and methods 
2.1. Reverse osmosis concentrate 
Reverse osmosis concentrate (ROC) collected from an advanced water reclamation plant in 
Sydney, Australia was used in this study. The plant treats a combination of stormwater and 
biologically treated sewage effluent.  The RO treatment resulted in approximately 72% of 
water being recovered, which generated a rejected concentrate (ROC) of about 28%. Range 
of values reported for ROC characteristics in the treatment plant and values of the samples 





Table 1. Range of values reported for ROC characteristics in the treatment plant and values 









7.5-8.2 7.3, 8.1 
Conductivity mS/cm 2.5-3.5 2.5, 2.8 
DOC mg/L 16-40 22, 33 
Mg mg/L 50-70 53, 48 
Ca mg/L 65-100 70, 96 
K mg/L 40-80 48, 75 
Na mg/L 350-400 369, 383 
 
 
2.2. Granular activated carbon 
A coal-based premium grade (MDW4050CB) GAC with a particle size range of 0.42-1.68 
mm supplied by James Cumming and Sons Pty. Ltd. was used as the adsorbent. It had an 
iodine number of 1000 mg/g and BET surface area of 1000 m2/g. The average pore size was 
30 Å with micropore and mesopore volumes of 25-27 and 73-75%, respectively 
(Eeshwarasinghe et al. 2018). 
 
     2.3. Chemical analytical methods 
 
2.3.1. Dissolved organics 
The DOC fractionation was performed using a liquid chromatography-organic carbon and 
nitrogen detector (LC-OCD) system model 8, based on the Grantzel thin film reactor 
developed by DOC Labor, Dr. Huber, Germany. The LC-OCD is an automated size-
exclusion chromatography system coupled to three detectors, for organic carbon, organic 
nitrogen and UV absorbance analysis. The measurement procedure has been described in full 




with different molecular weight ranges and chemical polarity. Two major fractions are 
observed: the hydrophilic chromatographable organic carbon (CDOC) that elutes from the 
column, and non-chromatographable organic carbon, which is the hydrophobic organic 
carbon (HOC) fraction that binds irreversibly to the hydrophobic solid phase of the column. 
CDOC is further fractionated into four major fractions: biopolymers (>20,000 g/mol), humic 
substances (1200–500 g/mol), building blocks (weathering product of humic substances) 
(500–350 g/mol), and low molecular weight (LMW) organics (<350 g/mol) (Amy et al. 2011; 
Hubar et al. 2011; Jamil et al. 2016; Shanmuganathan et al. 2015; Velten et al. 2011). The 
difference between DOC and CDOC is assumed to be the hydrophobic fraction (Huber et al. 
2011).  
 The LC-OCD uses a Toyopearl TSK HW50S column with a phosphate buffer mobile 
phase of pH 6.8 at a flow rate of 1.1 mL/min and the injection volumes were 1 mL. The 
chromatographic column is a weak cation exchange column containing a polymethacrylate 
solid phase. Calibration of retention times of the DOC fractions was performed using two 
standards (Suwannee river Standard II humic acid and fulvic acid from the International 
Humic Substances Society). The ChromCALC software package (DOC-Labour, Germany) 
specifically designed for the LC-OCD measurement, was used for data acquisition and data 
processing, and the amount of each fraction of organic carbon was determined from the 
chromatogram using a constrained peak-fitting process based on known retention times. 
 
2.3.2. Micro-organic pollutants (MOP) 
The concentrations of MOPs were determined using solid phase extraction (SPE) followed by 
liquid chromatograph with tandem mass spectroscopy. 5 mL analytes were extracted using 




analytes were separated using an Agilent (Palo Alto, CA, USA) 1200 series high performance 
liquid chromatography (HPLC) system equipped with a 150 x 4.6 mm, 5 µm particle size, 
Luna C18 column (Phenomenex, Torrance, CA, USA). Mass spectrometry was carried out 
using an API 4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, 
CA, USA) equipped with a turbo-V ion source employed in both positive and negative 
electro-spray modes. The correlation coefficients of all calibration curves were ≥ 0.99. 
 
2.4. Batch adsorption experiment 
An equilibrium batch adsorption experiment was conducted using a series of glass 
flasks containing 200 mL ROC and GAC doses of 0.1, 0.5, and 3 g/L by agitating the 
suspensions in a Ratek Platform Mixer at 120 rpm for 22 h. The suspensions were then 
filtered through a 0.45 um filter and the filtrates were analysed for DOC and MOP. 
Percentage adsorption of DOC and MOP was calculated using the equation written as 
follows: 
Percentage adsorption (%) = 
(C0−Ce) 
C0
   x 100 
where, C0 is initial concentration of DOC (mg/L) or MOP (µg/L) in ROC, and Ce is 
equilibrium concentration of DOC (mg/L) or MOP (µg/L) in ROC.  
 
2.5. Column adsorption experiment 
The column experiment was conducted using an acrylic glass tube containing GAC packed to 
a bed height of 8 cm.  A short bed height was deliberately used to obtain a possible quick 
breakthrough. A stainless-steel sieve was attached to the bottom of the tube to keep the GAC 




uniform flow of solution through a fixed-bed column. ROC was passed through the column 
in the up-flow mode with a velocity of 40 mL/min (6.3 m/h). A peristaltic pump was used for 
pumping the ROC through the column. The effluent samples were collected at 10, 30, 60, 90, 
120 and 150 min. The samples were then filtered through a 0.45 µm filter and the filtrate 
analysed for the total DOC and its various components. The effluent samples collected at 30, 
60 and 90 min were analysed for the individual MOPs. 
 
2.6. Amounts adsorbed and partition coefficient 
Amounts of the DOC components and MOPs adsorbed were calculated from the column 
experimental data using the following equation: 
 
q = Q x ∆t/m [(Co – 0.5 (Cout,t + Cout,t-1)] 
 
where, q is amounts adsorbed between two consequent times (mg/g GAC), Q is flow rate 
(L/min), ∆t is time interval between the two sampling times (min), m is mass of GAC in 
column (g), Co is influent concentration (DOC, mg/L; MOP, µg/L),  Cout,t is effluent 
concentration at time t (current sampling time (DOC, mg/L; MOP, µg/L), and Cout,t-1 is 
effluent concentration at time t-1 (previous sampling time) (DOC, mg/L; MOP, µg/L). 
 
The partition coefficient, kp was calculated by dividing q by Cout,t for each time 
period. kp is the ratio of the amount adsorbed to the equilibrium concentration in solution, 
which is a measure of the adsorbability of the DOC component or individual MOP on GAC. 
 





3.1. DOC and MOP characteristics 
The concentrations of DOC and MOPs in the ROC are presented in Tables 1 and 2, 
respectively. Two separate ROC samples were used for the DOC experiments; one with a 
DOC concentration of 22 mg/L was used in the batch experiment and the second one with a 
DOC concentration of 33 mg/L was used in the column experiment. For the MOP 
experiments only one ROC sample was used (Table 2). The DOC concentrations of 22 and 33 
mg/L are within the range of DOC values of 16-40 mg/L reported for ROC samples from the 
same treatment plant. These values are 3-10 times higher than the value for the biologically 
treated sewage effluent (3.6-7.7 mg/L, Shanmuganathan et al. 2014) that was utilised as the 
feed water in the RO plant. This indicates that the RO process has rejected all the DOC in the 
biologically treated sewage effluent during the production of clean water and concentrated 
them in the ROC.  
 The LC-OCD analysis revealed that the DOC comprised 2.29 mg/L (7%) of 
hydrophobic fraction and 31.04 mg/L (93%) of hydrophilic fraction. The hydrophilic fraction 
contained the following: 24.3 mg/L (77%) of humics; 5.0 mg/L (16%) of low molecular 
weight neutrals; 1.21 mg/L (4%) of building blocks; and 0.56 mg/L (2%) of biopolymers. 
The very low concentration of biopolymers may be due to the fact that these high molecular 
weight biopolymers could have been removed during the microfiltration stage prior to the RO 
process. Shanmuganathan et al. (2015) also obtained the same order of concentration for the 
DOC fractions in ROC, except building blocks had slightly higher concentrations than low 
molecular weight neutrals. In comparison to the results obtained on ROCs, Velten et al. 
(2011) reported very low values for the different DOC fractions in lake water (DOC, humics, 
building blocks, low molecular weight organics, and biopolymers concentrations of 1, 0.5, 




 Eighteen MOPs were detected in the ROC and their concentrations ranged from 82 to 
19220 ng/L (Table 2). Most of these MOPs were also previously detected in ROC from the 
same water treatment plant (Shanmuganathan et al. 2017). These MOPs have neutral, positive 






Table 2. Properties of the detected MOPs and their initial concentrations in ROC 









Atenolol Beta-blocker 266 + 128 0.16f 9.6f 
Benzophenone Photo initiator 182 0 806 3.18j  
Benzotriazole Drug precursor 
 
119 0 19220 1.44i 0.42i, 8.37i 
Bisphenol A Plastic water bottles 228 0 1098 3.32i 9.7i 
Caffeine Stimulant 194 0 1398 -0.07e 10.4e 
Carbamazepine Antiepileptic 236 0 1286 2.45i 0.37, 13.9i 
Diclofenac Analgesics 294 - 704 4.5-4.8c 4.1- 4.2c 
Diuron Herbicide 233 0 436 3.49m 1.7b, 13.8b 
Gemfibrozil Lipid regulator 250 - 556 4.77d 4.7d 
Ibuprofen Analgesic 206 - 336 3.5-4.5c 4.9-5.2c 
Naproxen Analgesics 230 - 1318 3.2c 4.2c; 4.15a 
Paracetamol Pain reliever 151 0 121 0.46k 9.38k 
Saccharin Artificial sweetener 183 - 2540 0.91l  
Sulfamethoxazole  Antibiotic 253 - 672 0.89d 2.1d; <2d 
Triclocarban Antibacterial agent  316 0 98 4.9g 12.7g 
Triclosan Detergents 290 0 179 4.76a 7.9 c 
Trimethoprim Antibiotic 290 0 880 0.91a 6.6-7.2c;7.12a 
Verapamil Hypertension 454 + 82 3.79b 8.92b 
aU.S. National Library of Medicine (http://chem.sis.nlm.nih.gov/chemidplus/rn/52-53-9), aMW: 
molecular weight; bCalculated with Advanced Chemistry Development (ACD/Labs) Software V9.04 
for Solaris; c Serrano et al. (2011); dWesterhoff et al. (2005); eYang et al. (2011); fHapeshi et al. 
(2010); gLoftsson et al. (2005); iSynder et al. (2007); iTemes and Joss (2006); 
jhttps://pubchem.ncbi.nlm.nih.gov/compound/benzophenone; kShanmuganathan et al. (2017); 




3.2. Batch adsorption of DOC and total MOPs 
Batch equilibrium adsorption of DOC and MOPs in ROC on GAC showed that the 
percentage adsorption of these compounds increased with GAC dose and the percentage 
adsorption of each MOP at the highest dose of GAC was higher than that of DOC, despite 
MOPs concentration in ROC being 1000 times smaller than that of DOC (Fig. 1). This 
indicates that MOPs have higher adsorbability than DOC on GAC. However, the amount of 
DOC adsorbed per unit weight of GAC is much higher than that of MOPs as a result of its 
higher concentration in the ROC (Fig. 2).  Of the MOPs, benzotriazole had the highest 
amount adsorbed (Fig. 2) because of its highest concentration in the ROC (Table 2). The 
difference in the percentage removal narrowed at the highest GAC dose due to reduced 
competition between DOC and MOPs for adsorption as a result of the increased number of 











Fig. 2. Amounts of DOC and MOPs adsorbed by GAC at three doses in batch experiment. 
 





3.3. Column adsorption of DOC fractions 
The breakthrough curves for DOC and its fractions in GAC column are presented in Fig. 3. 
Increased proportions of the influent DOC were detected in the effluent with increased bed 
volumes due to reduced adsorption. From bed volumes of 10 to 100 the breakthrough (Ct/Co) 
of DOC increased from 0.4 to 0.6 (in other words, the removal of DOC decreased from 60% 
to 40%). The incomplete breakthrough suggests that the GAC column is capable of 
effectively remove DOC for more bed volumes. GAC removed both the hydrophobic and 
hydrophilic fractions, but proved to be more effective in removing the hydrophobic fraction 
as reported by Shanmuganathan et al. (2015). The hydrophilic fraction removal is due to 
anion exchange, surface complexation, and H-bonding (Nguyen et al. 2012), whereas the 
hydrophobics removal is due to hydrophobic interaction between the hydrophobic organic 
compounds and hydrophobic carbon surface of GAC (Moreno-Castilla 2004). 
The removal of hydrophilic fractions increased in the order of decreasing molecular 
weight. Biopolymers having very high molecular weight (> 10,000 Da) were least adsorbed 
(Ct/Co = 0.6-1.0) and reached saturation of the GAC at 100 bed volumes. This is because of 
the size exclusion effect where the large molecules were unable to move into the micro and 
meso pores of GAC. Velten et al. (2011) also found that biopolymers had 80-90% 
breakthrough at the start of the experiment and reached saturation of GAC much quicker than 
other DOC fractions. The degree of breakthrough of the various DOC fractions followed the 
order, biopolymers > building blocks > humic substances > low molecular weight organics. 
The low molecular weight neutrals breakthrough was the lowest, which was consistent with 




the mesopores (73-75%) and larger micropores (< 25-27%) of the GAC (Eeshwarasinghe et 
al. 2018). 
 
Fig. 3. GAC column breakthrough curves for DOC and its fractions in ROC.  
  
 The amounts of the DOC fractions adsorbed followed the order of the concentrations 
of the DOC fractions in ROC feed: hydrophilic fraction > hydrophobic fraction; humics > 
low molecular weight fraction > building blocks > biopolymers (Fig. 4A). These orders are 
the same as those reported by Shanmuganathan et al. (2015). However, Velten et al. (2011) 
reported the order of adsorption capacities of the DOC fractions on two GACs as humics > 
building blocks > low molecular weight organics > biopolymers. The reason for the building 
blocks having higher adsorption capacity than low molecular weight organics is that the 
concentration of the former was higher than the latter in the feed river water they used for 




Ct/Co with bed volume, the amounts adsorbed decreased with increased bed volume and the 
order of the amounts adsorbed was the reverse of the Ct/Co. 
 The amounts of DOC fractions adsorbed do not reflect the relative affinities of their 
adsorption on GAC because they are controlled by their solution concentrations. However, 
the amount adsorbed per unit solution concentration of the fractions which is defined by the 
partition coefficient (explained in section 2.6) (Nam et. al. 2014; Velten et al. 2011) is a 
measure of the affinity or adsorbability of the fractions on GAC. The partition coefficient, 
like the amount adsorbed, also decreased with increasing bed volume due to declining 
amounts of DOC and fractions adsorbed onto GAC with increasing bed volume (Fig. 4B). 
Among the DOC fractions, at bed volumes higher than 60, it decreased in the order, low 
molecular weight organics (<350 g/mol) > humics (500-1200 g/mol) > building blocks (350-
500 g/mol) > biopolymers >20,000 g/mol). This order is the same as the molecular weight 
order, except humics with higher molecular weight than building blocks had higher partition 
coefficient, which was contrary to the size exclusion effect exerted by the GAC pores. Other 
mechanisms such as H-bonding, anion exchange or hydrophobicity which may favour 







         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
 
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         
         




































































3.4. Column adsorption of MOPs 
According to the literature the adsorption capacity of MOP on GAC is mainly 
controlled by the hydrophobicity and electrical charge of the MOP (Wang and Wang 2016). 
Hydrophobicity as measured by log Kow has been shown to explain the adsorption capacity 
of several MOPs on GAC (Nam et al. 2014; Snyder et al. 2007; Wang and Wang 2016; 
Westerhoff et al. 2005) – MOPs characterised by higher hydrophobicity had greater amounts 
adsorbed.  GAC used in this study has a net negative surface charge at neutral pH 
(Eeshwarasinghe et al. 2018). Therefore, GAC preferentially adsorbs positively charged 
MOPs than negatively charged MOPs.    
Considering the above information, the removal capacities of the 18 MOPs by GAC 
were divided into four groups based on the MOP charge and log Kow (Fig. 5). MOPs in 
Group A have favourable charge (positive or zero charge) and log Kow > 3.5 (high 
hydrophobicity) for adsorption onto the negatively charged hydrophobic GAC surface. MOPs 
in Group B also have positive or zero charge but with log Kow < 3.5 (low hydrophobicity). 
MOPs in Group C are negatively charged with log Kow > 3.5. The MOPs in the last group 
(Group D), also have negative charge but with log Kow < 3.5. The experimental results 
showed that the removal efficiency of the MOPs followed the order of Group A > Group B > 
Groups C and D. Majority of the MOPs in Group A (3 out of 4) had 100% removal efficiency 
with the exception of diuron which had a removal efficiency of 95%. Majority of MOPs in 
Group B had an average removal efficiency of 94% (range 90-99%) (bisphenol A an 
exception with 76% removal efficiency). The MOPs that are negatively charged regardless of 
the hydrophobicity character (Groups C and D) had the lowest removal percentage (average 
85%, range 82-94%), with diclofenac as an exception having 73% average removal. These 
results show that the groupings made in Fig. 5 based on charge and hydrophobicity generally 




the removal efficiencies on the basis of hydrophobicity when the MOPs have negative 
charges (Groups C and D) could be due to other factors operating on the MOP/GAC 
interaction. These include, for example, H-bonding, van der Waals forces, and π-π bonding 
(Löwenberg et al. 2014; Nguyen et al. 2013). The distribution of the MOPs into the four 
groups depicted in Fig. 5 may sometimes change if a GAC of different characteristics such as 
surface charge and functional groups is used (Noh and Schwarz 1990). 
The amounts of MOPs adsorbed (Table 3, ng/g – µg/g) were much smaller compared 
to DOC fractions adsorbed (Fig. 4A, µg/g – mg/g). This is due to the large differences in their 
concentrations in the ROC feed (Tables 1 and 2). Similarly, the differences in the amounts 
adsorbed between the individual MOPs mainly depend on the individual MOP concentration 
in the ROC feed. However, the affinity of the MOPs towards GAC or their adsorbability, 
which is independent of its concentration in ROC, can be assessed using the partition 
coefficient as done for DOC fractions (Fig. 4B). The partition coefficients for MOPs (0.21-
21.6 L/g; for MOPs which had 100% removal, solution concentration was taken to be the 
limit of detection of 5 ng/L, Table 3) were much higher than those for DOC fractions (0.01-
0.5 L/g, Fig. 4B). Among the MOPs, those in Group A had the highest partition coefficients 
while those in Groups C and D had the lowest partition coefficients. Both the amount of 
adsorption and partition coefficient decreased over time (Table 3) due to the reduced number 
of vacant sites available for further adsorption. 
 
3.5. Practicability and economics of GAC use 
Considering the high removal capacities of DOC and MOPs by GAC obtained in the 
study the practicality and economics of the use of GAC in real plant operation is examined in 




throughout the world because of its ability to adsorb a wide variety of organic compounds 
(Hung et al. 2005). However, the economics of its use depend on its market price relative to 
that of the treated water and the volume of water that can be treated in one adsorption cycle. 
Tiruneh et al. (2016) conducted a cost-benefit analysis and reported that it was economically 
favourable to treat grey waters using GAC in Swaziland to supply clean water to the cities. 
Our on-going field study with GAC column (50 cm height and filtration velocity of 6.3 m/h) 
showed MOP removal to meet the required standards even after 30 days which corresponds 
to 1450 bed volumes.  
Instead of using the GAC only once, if the spent GAC can be regenerated 
economically and reused, the cost-benefit would further increase. However, in view of the 
small capacity of water reclamation of 300 m3 of ROC production/day in the treatment plants 
the capital cost for the regeneration may not be viable. If regeneration is considered, one of 
the two common methods of regeneration, namely hydrothermal process or chemical process, 
can be used. Of the two process the former is more efficient (Sufnarski 1999). But it may 
involve high energy cost, loss of carbon, and reduction in adsorption capacity. Sufnarski 
(1999) reported that the adsorption capacity of GAC for phenol reduced to 67% of the 
original value after four adsorption-regeneration cycles. Alternative to regeneration the spent 















Table 3. Amounts of MOPs adsorbed and partition coefficient* in GAC column after 30, 60 and 90 min. 
































Co 32800    19220    436    
Ct, 0-30 min 2428 96.3 3884 3.20 718 98.1 2319 6.46 25 97.1 52 4.17 
Ct, 30-60 min 2691 92.2 3718 1.45 822 96.0 2268 2.95 31 93.6 50 1.79 
Ct, 60-90 min 3361 90.8 3661 1.21 1080 95.1 2246 2.36 31 92.9 50 1.61 
             
 Diclofenac    Gemfibrozil    Ibuprofen 
 
  
Co 704    556    336    
Ct, 0-30 min 198 85.9 74 0.75 95 91.5 63 1.32 61 90.9 38 1.23 
Ct, 30-60 min 232 69.5 60 0.28 114 81.2 56 0.53 75 79.8 33 0.48 
Ct, 60-90 min 290 62.9 54 0.21 145 76.7 52 0.40 101 73.8 30 0.35 
 
Trimethoprim 
   
Caffeine 
   
Bisphenol A 
   
Co 880 
   
1398 
   
1098 
   
Ct, 0-30 min 0 100.0 108 21.6* 171 93.9 161 1.89 294 86.6 117 0.80 
Ct, 30-60 min 79 95.5 103 2.62 145 88.7 152 0.96 310 72.5 98 0.32 
Ct, 60-90 min 88 90.5 98 1.17 216 87.1 150 0.83 348 70.0 95 0.29 
 
Carbamazepine 
   
Sulfamethoxazole 
   
Naproxen 
   
Co 1286 
   
672 
   
1318 
   
Ct, 0-30 min 126 95.1 150 2.39 82 93.9 78 1.89 183 93.1 151 1.65 
Ct, 30-60 min 156 89.0 141 1.00 92 87.1 72 0.83 226 84.5 137 0.67 




Table 3. (Continued) 

































   
Paracetamol 
   
Saccharin 
   
Co 806 
   
121 
   
2540 
   
Ct, 0-30 min 111 93.1 92 1.66 0 100.0 15 3.00* 322 93.7 293 1.82 
Ct, 30-60 min 51 90.0 89 1.10 0 100.0 15 3.00* 340 87.0 272 0.82 
Ct, 60-90 min 28 95.1 94 2.39 10 95.9 14 2.85 506 83.3 260 0.62 
 
Atenolol 
   
Triclocarbon 
   
Veeraprail 
   
Co 128 




   
Ct, 0-30 min 12 95.3 15 2.50 0 100.0 12 2.4* 0 100.0 10 2.00* 
Ct, 30-60 min 14 89.8 14 1.09 0 100.0 12 2.4* 0 100.0 10 2.00* 
Ct, 60-90 min 14 89.1 14 1.00 0 100.0 12 2.4* 0 100.0 10 2.00* 
 Triclosan            
Co 179            
Ct, 0-30 min 0 100.0 22 4.40*         
Ct, 30-60 min 0 100.0 22 4.40*         
Ct, 60-90 min 0 100.0 22 4.40*         






Both batch and column experiments confirmed that GAC is an efficient adsorbent for 
simultaneous removal of DOC and MOPs when they are present together in ROC, thus 
reducing the environmental hazard if ROC is disposed of on lands or in natural water bodies. 
The amounts of DOC fractions adsorbed were several times higher than those of MOPs due 
mainly to the much higher concentrations of DOC fractions than the MOPs in ROC. Of the 
different DOC fractions the hydrophilic fraction had higher amounts adsorbed than the 
hydrophobic fraction, while biopolymers had the lowest amounts adsorbed among the 
hydrophilic fractions. This is very much related to their concentrations in ROC. The partition 
coefficient which is a measure of the adsorbability or affinity of the DOC fractions towards 
GAC and independent of the concentrations in ROC followed the order, low molecular 
weight organics > humics > building blocks > biopolymers. It was much higher for the MOPs 
than for DOC fractions. 
 The 18 MOPs studied were classified into four groups based on hydrophobicity (log 
Kow) and electric charge; Group A (4 MOPs with positive or neutral charge and log Kow > 
3.5), Group B (8 MOPs with positive or neutral charge and log Kow < 3.5), Group C (3 
MOPs with negative charge and log Kow > 3.5), Group D (3 MOPs with negative charge and 
log Kow < 3.5). The experimental results showed that the removal efficiency of the MOPs 
followed the order of Group A > Group B > Groups C and D. 
 The results of this study can provide important background information for designing 
an effective water treatment process for simultaneously removing DOC and MOPs in real 
full-scale plants. We recommend that the results be tested in long-term pilot plant 
experiments by also examining other GACs and other adsorbents for example Purolite ion 
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